Accidental hypothermia is defined as a core body temperature <35 . Even with the use of multiple active rewarming methods, it has a high mortality rate. No standard treatment strategy for moderate or severe hypothermia in the absence of cardiac arrest has yet been established. We herein report three patients with severe or moderate accidental hypothermia who were treated by hemodialysis in the acute phase. This case report with a literature review describes the usefulness of hemodialysis for the treatment of moderate and severe accidental hypothermia without cardiac arrest.
Introduction
Accidental hypothermia is an involuntary reduction in the core body temperature to <35 and is classified into mild (32-35 ), moderate (28-32 ), and severe hypothermia (<28 ) (1, 2) . Moderate and severe hypothermia in particular constitute medical emergencies, as they have high mortality rates ranging from 12% to 80% (3) . Clinical manifestations of hypothermia vary, depending on the core body temperature. At ! 35 , shivering, tachycardia, tachypnea, and apathy may occur (4) . At ! 32 , shivering may disappear, and bradycardia, slow respiration, and confusion may appear. At ! 28 , decreased blood pressure, apnea, and coma may be apparent. Hypothermic patients have an increased risk of lethal arrhythmia and exhibit multiple abnormal electrocardiogram (ECG) findings, including atrial fibrillation, prolonged QT intervals, T-wave inversion, and Osborn waves (5, 6) . Delays in rewarming and slower rates of rewarming have been shown to be the most important prognostic factors associated with increased mortality (3) .
A wide variety of rewarming techniques have been developed, and they are chosen based on the degree of hypothermia, presence or absence of cardiopulmonary arrest, and available resources. Mild hypothermia is treated by passive external rewarming, including the removal of wet clothing, movement to a warm environment, and wrapping with blankets (2, 4) . The treatment strategy for moderate and severe hypothermia is a combination of active external and active internal rewarming. The use of electric blankets is the most common active external rewarming method, whereas active internal rewarming techniques involve intravenous infusion of warmed fluids, a heated air blower, pleural and peritoneal irrigation with warmed saline, hemodialysis (HD), cardiopulmonary bypass (CPB), and extracorporeal membrane oxygenation (ECMO) (7) (8) (9) (10) (11) . For severe hypothermic patients with cardiopulmonary arrest, CPB and ECMO have been recommended as active internal rewarming methods (10, (12) (13) (14) . However, the ideal active internal rewarming strategy for patients with moderate and severe hypother- HD is widely used and readily available, in contrast to CPB and ECMO, and several case reports describe the use of HD as the active internal rewarming method (15) (16) (17) (18) (19) (20) (21) . We herein report three cases of moderate and severe hypothermia that did not exhibit renal failure or cardiac arrest with rewarming applied using HD. In addition, we summarize the clinical characteristics of previous cases of hypothermia treated with HD as the active internal rewarming method.
Case Reports

Case 1
A 48-year-old homeless man was found lying with disturbed consciousness in a public lavatory at dawn. The outside air temperature was 3.5 at that time. He had a history of chronic alcoholism. Since two days before this episode, he had drunk heavily and eaten nothing. He was transferred to the emergency room in our hospital. Our initial examination revealed a Glasgow Coma Scale (GCS) score of 8 (E3V 1M4), bladder temperature of 26.4 , blood pressure of 114/ 99 mmHg, heart rate of 42 beats/min, and respiratory rate of 25/min. Laboratory data showed white blood cells 4.4×10 3 / μL, hemoglobin 11.9 g/dL, platelets 15.4×10 4 /μL, blood urea nitrogen 10.9 mg/dL, creatinine 0.44 mg/dL, Na + 147.3 mEq/L, and K + 3.6 mEq/L. Venous blood gas showed hypoglycemia (glucose 60 mg/dL) and lactic acidosis (pH 7.202, base excess -3.1 mmol/L, lactate 4.7 mmol/L). A urinary test showed ketonuria. After glucose administration, his conscious level improved to a GCS score of 11 (E4V2M5). An ECG showed sinus bradycardia of 48 beats/min, Osborn waves, and long QT intervals (Fig. 1) . A urinary drug screen test was positive for benzodiazepines. Blood cultures on admission were negative.
The patient was rewarmed with an electric blanket, and his core temperature rose from 26.4 to 28. 3 during the first 2 hours (mean rewarming rate of 1.0 /h). As we predicted that it would take some time to increase his core temperature to the appropriate range, HD was initiated as an active internal rewarming method. Vascular access for blood removal and return was achieved through the right and left femoral veins, respectively. The blood flow rate (Qb) was 100 mL/min for the first hour and 150 mL/min for the subsequent 1.5 hours, while the dialysate flow rate (Qd) was 500 mL/min. The surface area of the dialyzer membrane was 1.5 m 2 , and the dialysate concentration of K + was 3.0 mEq/L. Nafamostat mesilate was used as an anticoagulant agent. Fluid was not removed, and the dialysate temperature was set at 35 . During the 2.5-h duration of dialysis therapy, the blood pressure of the patient was stable, and his core temperature rose from 28.3 to 32.4 (mean rewarming rate of 1.6 /h) ( Fig. 2A) . At the termination of HD, his lactic acidosis had improved (pH 7.318, base excess -1.7 mmol/L, lactate 1.6 mmol/L), whereas the serum K + levels had decreased to 3.0 mEq/L. Eight hours after the termination of HD, his core body temperature reached 36 . The Osborn waves on the ECG disappeared. Despite a further evaluation, no diseases responsible for the secondary hypothermia, such as severe infections, endocrine disorders, or cerebrovascular diseases, were found.
He received a transfusion of glucose and vitamin B1 because he was complicated with alcoholic ketoacidosis due to heavy drinking with fasting. However, following the recovery of consciousness (GCS 15), he exhibited alcohol withdrawal syndrome. Administration of diazepam 15 mg/day provided symptomatic improvement, and he was discharged on the fourth day of admission.
Case 2
A 78-year-old man who needed home care and spent most of the day in his bed was found unresponsive by his daughter. His vital signs on arrival at our hospital were a GCS scale of 3 (E1V1M1), bladder temperature of 27.3 , blood pressure of 78/40 mmHg, heart rate of 39 beats/min, and respiratory rate of 18/min. An ECG showed sinus bradycardia and Osborn waves. He had hypoglycemia (54 mg/dL), and after glucose injection, his glucose level increased to 237 mg/dL. He was rewarmed by the intravenous administration of warmed fluids and an electric blanket. However, his core temperature rose only 1.0 in an hour, so we decided to use HD in order to reduce the risk of lethal arrhythmia. A double-lumen catheter was temporarily placed in the right internal jugular vein. The Qb was 150 mL/min, while the Qd was 500 mL/min. The surface area of the dialyzer membrane was 1.1 m 2 , and the dialysate concentration of K + was 3.5 mEq/L. Heparin was used as an anticoagulant agent. Fluid was not removed, and the dialysate temperature was set at 37 . Three hours of HD therapy raised his core temperature from 28.3 to 32.7 (mean rewarming rate of 1.5 /h) (Fig. 2B) . During HD, he had an episode of rewarming shock, and his blood pressure dropped to 73/33 mmHg. He was treated by continuous administration of norepinephrine, and his hemodynamics stabilized. Continuous rewarming was ensured using a warmed blanket. Within 15 hours after arrival at the hospital, his core temperature had returned to 36.7 . Computed tomography (CT) revealed aspiration pneumonia, and the administration of antibiotics was initiated. He was transferred to another hospital for additional treatment for pneumonia on the third day.
Case 3
A 77-year-old woman was found unconscious in her house by the police. She had last been seen alive two days earlier. Her vital signs on arrival at our hospital were a GCS score of 3 (E1V1M1), bladder temperature of 28.2 , blood pressure of 133/83 mmHg, heart rate of 63 beats/min, and respiratory rate of 17/min. The diameter of both pupils was 4 mm, and she lacked a light reflex bilaterally. Head CT was not performed at this point. An ECG showed Osborn waves. An arterial blood gas analysis showed lactic acidosis (pH 7.334, base excess -7.2 mmol/L, lactate 8.5 mmol/L) and hypokalemia of K + 2.8 mEq/L. Even after an hour of rewarming with an electric blanket and intravenous admini-stration of warm fluids, the core body temperature of the patient was unaltered, so HD was started. Blood was removed from the right femoral vein and returned to the left antecubital vein. The Qb was 120 mL/min, while the Qd was 500 mL/min. The surface area of the dialyzer membrane was 0.9 m 2 , and the dialysate concentration of K + was 3.5 mEq/L. Nafamostat mesilate was used as an anticoagulant agent. Fluid was not removed, and the dialysate temperature was set at 35 . One hour after the initiation of HD, her GCS score had improved to 6 (E1V1M4) with a bladder temperature of 30.5 (Fig. 2C) . However, 2.5 hours after the start of HD, her respiratory status worsened due to a large amount of sudden vomiting. HD was discontinued immediately when her bladder temperature reached 32 (mean rewarming rate of 1.4 /h). CT revealed subarachnoid hemorrhaging (SAH) with ventricular perforation and compression of the brain stem by the hemorrhaging. Her GCS score was 3 (E1V1M1) with decerebrate rigidity, and both pupils were fully dilated. Her SAH status was grade 5, as determined by the Hunt and Kosnik classification, and she was not a candidate for surgical operation. In addition, the patient's family requested no therapeutic intervention be performed. The patient died the following day.
Discussion
We experienced three patients with accidental hypothermia who were rewarmed using HD. In all the three cases, the core body temperature at our initial examination in the emergency room was below 30 , and Osborn waves were present on an ECG. The major reason that HD was performed in these three patients was because the rewarming rates during the first 2 hours had been <1 /h. The rewarming rate during HD was kept to about 1.5 /h by adjusting Qb. In order to avoid excess rewarming, HD was terminated before the body temperature reached 34 .
Walpoth et al. suggested that CPB is an effective rewarming method for severe hypothermia in cases of cardiac arrest (10). Ruttmann et al. also suggested that ECMO improves the survival in severe hypothermic patients with cardiocirculatory arrest (14) . However, as several case reports have mentioned, HD is a therapeutically effective and safe internal rewarming method for moderate and severe hypothermia in the absence of cardiac arrest (18, 19) . The advantages of HD for the treatment of hypothermia are low invasiveness, easy adjustment of the rewarming rate, and availability even in cases with a normal renal function. In addition, HD is easy to prepare as long as venous access can be achieved at the body surface, in contrast to CPB, which is an invasive surgical procedure with a high risk of cardiovascular events. Another advantage of HD for hypothermia is a low frequency of afterdrop compared to active external rewarming methods (4) . Afterdrop, which is a decrease in the core temperature after the initiation of rewarming, is caused by peripheral vasodilation and returning cold blood from the periphery to the body core. For this reason, it is recommended to limit the active external rewarming area to the trunk (4). Furthermore, the combinatorial use of active internal and external rewarming methods has also been recommended as the most certain way of preventing afterdrop (2, 7) . In this regard, HD is quite useful as an active internal rewarming method. Another advantage of HD is the correction of electrolytes and acid-base imbalance, which are often complicated in cases of hypothermia, although HD does alter the circulatory dynamics to a certain degree. During HD therapy, it is important to monitor the vital signs carefully.
In case 1, the patient did not exhibit renal impairment, but we performed HD for 2.5 hours to treat hypothermia. Because we anticipated HD-induced hypokalemia in the patient, the dialysate concentration of K + was adjusted to 3.0 mEq/L in advance. Nevertheless, the serum K + level had decreased from 3.6 mEq/L to 3.0 mEq/L by the end of HD. In addition to hypothermia, hypokalemia is a major risk factor for arrhythmia. To avoid increasing the risk of arrhythmia due to overlapping risk factors, the dialysate concentration of K + should be kept relatively high in patients with a normal renal function. Unfortunately, the concentration of K + in all dialysates in Japan is set to 2.0 mEq/L at present, so we must adjust the dialysate concentration of K + ourselves. The commercial availability of dialysates with multiple K + concentrations, as can be found in a number of foreign countries, would be extremely useful in this regard.
In case 2, rewarming shock was observed during HD. Rewarming shock is a reduction in the blood pressure during rewarming caused by a decrease in the circulatory blood volume. It is triggered by peripheral vasodilation, cardiac hypofunction, and arrhythmia associated with heart recooling (10) . To prevent rewarming shock, it is important to inject the warmed fluids intravenously before HD, as cold diuresis and hemodynamic instability decrease the circulatory blood volume (1, 22) . In our case 2, the amount of warm fluids injected before starting HD was 1 L, which might have been insufficient. Guideline recommendations regarding the volume and rate of intravenous injection of warm fluids for the treatment of accidental hypothermia in the future are eagerly awaited.
In case 3, SAH was diagnosed by the progression of symptoms during HD. Under hypothermic conditions, many symptoms and physical signs are obscure (4). In patients with hypothermia who are unconscious, we recommend screening for cerebral vascular lesions by head CT before starting HD.
Seven cases of accidental hypothermia treated with HD have been previously reported (15) (16) (17) (18) (19) (20) (21) . Based on a review of the 10 total cases of HD-treated accidental hypothermia, including the presently reported 3 cases, several points should be noted (Table) . First, afterdrop was not observed in all cases, but rewarming shock was observed in three cases, suggesting that HD requires careful monitoring for rewarming shock. It may be best to ensure that a sufficient amount of warmed fluids have been injected before starting HD.
Second, the average rewarming rates before and during HD in 10 cases were 0.8 /h (range: 0.0-1.1 /h) and 2.0 /h (range: 1.4-3.3 /h), respectively. HD successfully increased the rewarming rate. The results of the previous studies showed that a delay in rewarming is closely associated with a high mortality rate and is an important prognostic factor (3, 9) . Indeed, Morita et al. reported that rapid rewarming up to 32 by CPB reduced the risk of ventricular fibrillation and mortality in severe hypothermic patients (9) . Furthermore, Vassal et al. analyzed patients with accidental hypothermia who were treated by passive rewarming methods solely and showed that a slower rewarming rate was an important prognostic factor related to increased mortality (3). During HD therapy, the rewarming rate tends to depend on the dialysate temperature and Qb. Although there are no data available concerning the best rewarming rate during HD and no reports that HD improves the outcome of hypothermic patients compared to other rewarming methods, HD is likely to be useful because it can accelerate the rewarming rate efficiently. Third, the duration before starting HD is relatively short compared to other invasive therapies, such as CPB and ECMO (9). Vassal et al. previously showed that a delay in rewarming was also an important prognostic factor related to increased mortality (3). Of note, less than 2 hours passed before HD was started in all 3 of our cases. To prevent the negative effects of a slow rewarming rate, minimally invasive internal rewarming techniques have been encouraged. In this regard, HD is readily available and useful.
In conclusion, HD is a safe rewarming therapy for moderate and severe hypothermia in the absence of circulatory arrest. Even cases with a normal renal function, it can provide efficient and adjustable rapid rewarming without a core temperature afterdrop. However, further studies are required to establish the active internal rewarming strategy with the use of HD for moderate and severe hypothermia.
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